Laurent Misson, Quentin Ponette, Frédéric André. Regional scale effects of base cation fertilization on Norway spruce and European beech stands situated on acid brown soils: soil and foliar chemistry. Annals of Forest Science, Springer Verlag/EDP Sciences, 2001, 58 (7) Abstract -Ten experiments were installed on acid soils in different ecoclimatic conditions of the Belgian Ardenne. Soil pH, exchangeable cations and P contents as well as foliar nutrient concentrations were monitored 1 and 3 years following the application of either (1) 3 t ha -1 of a dolomitic limestone or (2) 3 t ha -1 of a dolomitic limestone plus different amounts of P (0-800 kg natural phosphate) and/or K (0-250 kg K 2 SO 4 ). Dolomite rapidly increased Ca and Mg concentrations in the 0-10 cm soil layer and in the tree leaves. After three years, exchangeable Al was significantly lower in the first soil layer but it still represented more than 50% of the exchangeable cations. Mean pH increase in the 0-10 cm layer was less than 0.5 pH units. Dolomite alone tended to reduce mean K concentrations in the soils and/or leaves of the beech stands. The addition of potassium sulphate to dolomite generally increased the soil and foliar K contents in the spruce stands contrary to the beech stands. It also tended to increase the resaturation of the exchange complex with Ca and Mg ions. The effects of natural phosphate addition were restricted to a slight increase of P foliar concentrations. The B foliar concentrations were reduced by both treatments, whereas Zn concentrations increased significantly. The between stands variability of soil and foliage chemical properties was important but did not influence the effects of the treatments.
INTRODUCTION
During the 1970s the forest condition deteriorated severely in different parts of Europe and North America. In Belgium, great concern arose after the severe decline of Norway spruce during the winter 1982-1983 [36] . The symptoms of foliage discoloration and loss were the same as observed in West Germany since the mid-1970s. These symptoms were partly attributed to the direct effect of atmospheric pollution that had an important impact in Germany [36] . With the benefit of hindsight, it has been demonstrated that several stress factors could impair forest health and that a complex system of ecological interrelationships had to be taken into account [21] .
Since then, different studies have shown that nutritional imbalance was a predisposing factor of forest decline for stands situated on acid soils [12, 39] . The foliar yellowing of Norway spruce associated with forest dieback was identified as a symptom of magnesium deficiency [9, 37] . It has been postulated that these deficiencies could be reinforced by acid and nitrogen inputs from the atmosphere, which accelerate the processes of soil acidification and cation leaching [35] . In South Belgium, several studies demonstrated that besides the well known cases of low concentrations in phosphorous and calcium, magnesium was also at a critical level in 70% of the sampled soils [17] .
Improving the chemical and biological status of the soil by fertilization is thought to be an efficient tool to prevent forest degradation or restore damaged ecosystems [1, 11] . Controlled laboratory experiments are suitable for the identification of individual soil processes [28, 29] but should be corroborated by field experiments. In order to settle management tools to impede forest decline, diagnostic fertilization trials were installed in several countries during the two last decades [5, 11, 14, 15, 20] . Besides this, interpretation of previous experiments was carried out [24, 30, 33] . Generally, these studies lacked regional representativeness since they were based on a small number of experimental stands. As a consequence, it was not always clear if stands in the same region but differing in ecoclimatic conditions or species composition would react similarly to fertilization.
The objectives of this study were (i) to test base cation fertilization on acid soil as a method to prevent forest dieback and/or restore forest health in adult stands, (ii) to assess how different ecoclimatic conditions within a geographically limited region could influence the response of stands, and (iii) to compare the response of two commercially important forest-tree species to fertilization.
One and the same experimental design was applied in a network of spruce (Picea abies (L.) Karst.) and beech (Fagus sylvatica L.) adult stands. Various fertilization treatments were tested on replicated plots. Each twoyear, soil as well as foliar analyses were performed. Crown condition was assessed each year and the floristic composition each four years. This article presents the general methodology of the research programme and the results of soil and foliar analyses obtained one and three years after fertilization. A second paper deals with fertilizer effects on the ground vegetation [22] .
MATERIALS AND METHODS

Stand selection and description
Five monospecific even-aged stands of Norway spruce and European beech were selected throughout the Belgian Ardenne according to several criteria. First, experimental stands had to be located on acid and magnesium poor soils. This was tested by foliar and soil analyses before fertilizer application. Second, soil type (Belgian legend, IRSIA 1:20,000 soil map) and topography had to be homogeneous at the stand level. Third, sampling should take into account the ecoclimatic diversity of the region: for each species, stands were chosen in various Ecological Sectors of the Belgian Ardenne as defined by Onclinkx et al. 1987 . Selected characteristics of the experimental stands are listed in table I.
The spruce stands were approximately 50 years old while the beech stands were around 100 years old at the beginning of the experiment (1995). The altitude of the stands varies between 380 m and 560 m. Depending on the ecological sector (table I), the mean annual temperature ranges between 6.5 o C and 8.0 o C, and total annual precipitation varies between 1030 mm and 1200 mm [26] . The soils are classified as Gbb (Belgian legend) for all the stands, which means well drained acid brown soils dominated by clay/silt, with a stony load > 5%. Following the FAO classification, the selected stands are on Dystric and Eutric cambisol. Humus type is moder. The natural association of the beech stands is LuzuloFagetum and the sub-association varies between typicum and vaccinietosum (table I) [25] . There is no ground vegetation data for the spruce stands since understorey plants are very scarce.
The range of site indexes (SI), based either on dominant height at 50 (spruce) or 100 (beech) years old (table I) , reflects the diversity of ecoclimatic conditions or site specificity. Differences in basal area (BA, table I) between stands for a given species (winter 1994-1995) result from different thinning regimes.
Fertilization treatments
Preliminary soil (table II) and foliar (table III) analyses were performed on each experimental stand in 1994. Based on these results, two kinds of treatments (table IV) were specified in addition to a control (no fertilization). The F1 treatment brought 3 000 kg ha -1 of dolomitic limestone (55% CaCO 3 / 40% MgCO 3 ) in order to raise the Mg and Ca deficiencies observed in most stands; in the 3S stand it was limited to 2 650 kg ha -1 due to an error during the field work. The F2 treatment consisted of the standard dolomite application plus varying amounts of P (as natural phosphate) and/or K (as K 2 SO 4 ), depending on the site susceptibility to specific induced deficiencies.
The treatments were applied on 45 × 45 m square plots for spruce and 50 × 50 m square plots for beech, with a buffer zone of at least 25 m between plots. Two to 4 replications per treatment were made, depending on the stand (table IV). The fertilizer was applied with a blowing engine towed by a Buurnett forwarder during the winter season 1994-1995.
Soil sampling and analyses
The soil was sampled twice after the treatments were applied, respectively during the winter 1995-1996 (one year after treatment) and during the winter 1997-1998 (three years after treatment). Nine core samples per plot and per soil layer (0-10 cm and 10-20 cm) were pooled for soil analysis. They were extracted at the nodes of a 15 × 15 m grid settled 2 m apart at each sampling date in order to avoid extracting previously disturbed soil.
For the chemical analyses, we used the harmonised methods of the International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forest [13] . The soil samples were air-dried at 20 o C and ground to pass a 2 mm sieve prior to analysis. The moisture content of air-dried soils was determined on a subsample of 5 g dried overnight at 105 o C. The pH (H 2 O) was measured with an electrode, using a soil: solution ratio of 1:5 (m:v). The exchangeable base cations (Ca, Mg, K) were extracted with a 0.1 m BaCl 2 agent, with a soil: solution ratio of 1:10 (m:v). Soil P was extracted by aqua regia agent. Extracted base cations (Ca, Mg, K) and P were determined by inductively-coupled plasma emission spectrometry. For the 1997 sampling, the exchangeable acid cations (Al+H) were extracted using a 1 m KCl agent with a soil: solution ratio of 1:2.5 (m:v). Al and H were measured by titration with 0.1 m NaOH.
Regional effects of base cation fertilization 701 Deficiency thresholds for the 0-20 cm soil layer according to [34] , [37] Norway spruce < 0.50 < 0. 
Foliar sampling and analyses
The tree leaves were sampled by shooting in the upper third of the crowns one and three years after treatment application. They were collected from the same 4 or 8 dominant and permanently marked beech-or spruce-trees per plot, respectively. The leaves were sampled during the second part of August for beech, and in winter for spruce; for the latter species, 1-and 2-year old needles were separated. One composite sample per plot and per needle age (spruce) was analysed.
Analyses were made according to the harmonised procedures of the International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forest [13] . Each composite sample was oven-dried at 65 o C during three days and ground to pass a 0.2 mm sieve prior to analysis. For the digestion, we used the dryashing procedure at 450 o C during 4 hours. Digests were made soluble in HCl solution. Element concentrations were determined by inductively-coupled plasma emission spectrometry for Ca, Mg, K, P, Al, B, Cu, Fe, Na, and Zn. Total N was determined by the Kjeldahl procedure. Control  3  F1  3  3000  F2  3  3000  400  200  7B  Control  3  F1  3  3000  F2  3  3000  400  200  8B   a   Control  3  F1  3  3000  F2  2  3000  800  F2'  1  3000  400  250  9B  Control  3  F1  3  3000  F2  3  3000  400  200  10B  Control  3  F1  3  3000  F2  3  3000  200 
Statistical analyses
Differences between treatments and stands for a given species and sampling date were tested with a two-way ANOVA, including the interaction term. We then performed Dunnett's two-tailed t tests on least square means, to test for any difference between treatments and the control for all main effects. We used the SAS statistical package for all calculations (GLM procedure with LSMEANS statement) [31] .
RESULTS AND DISCUSSION
Soils
Dolomite lime, either alone (F1) or combined with others products (F2), had a rapid effect on the exchangeable Ca-Mg content of the topsoil layer (0-10 cm) (table V). The mean concentrations of both elements were significantly higher in the F1 and F2 treatments compared to the CONTROL already one year after fertilizer application ( concentrations between fertilized and control plots further increased in 1997: mean Ca-Mg concentrations were 3 to 7 times higher in the F1 and F2 treatments than in the CONTROL (table VI) . Considering mean concentrations, there was no evidence for differences between the migration of Ca and Mg at this depth.
These results are consistent with those of Dulière et al. (1999) who reported a 3 to 9 fold increase in Ca and Mg concentrations in the 0-10 cm soil layer 6 months after a 5 t ha -1 dolomite application, compared to the control.
An important part of Ca and Mg is however likely to remain within the holorganic horizons [28, 30] . At a larger time scale, liming has been reported to have a positive effect on humus mineralization, with increased cation mobilization and migration down to the mineral layers [16] .
At larger depth, dolomite lime influenced exchangeable Ca and Mg of the 10-20 cm layer more quickly under spruce than under beech. In 1997 for example, the TREATMENT effect was significant for both elements for spruce, but not for beech ( of the data, however, showed comparable Ca and Mg increase for both species (table VI) . This apparent difference in TREATMENT effects was therefore probably due to the greater variability of exchangeable cation contents in the beech compared to the spruce stands, as illustrated by the respective coefficients of variation.
In the surface layer, dolomite had a negative effect on exchangeable K concentration in the soil of the beech stands as indicated by the small but significant decrease in mean K concentrations in the F1 treatment in 1997 (table VI). The addition of potassium sulphate (F2 treatment) was apparently not sufficient to maintain K concentrations at levels similar to those of the control (table VI, 1997). Such decrease probably resulted from the displacement of resident K by Ca [2, 30] . By contrast, dolomite did not decrease exchangeable K contents at the 0-10 cm level in the spruce stands, whatever the period (tables V and VI). Furthermore, the addition of potassium sulphate significantly increased the K concentrations of this layer in 1995 (table VI). In the 10-20 cm layer, the TREATMENT effect on soil K concentrations was limited to the spruce stands (table V). More detailed studies would be necessary to understand the difference of soil response between beech and spruce stands.
For all species and soil depths, P concentrations did not show any significant change following the application of natural phosphate (tables V and VI, F2 treatments). Two main reasons could account for this observation: phosphorous retention in the organic layer and/or change in phosphorous concentrations insufficient to be detected by the extraction method used in this study. Three years after fertilizer application, the TREATMENT effect was significant in the 0-10 cm layer for pH, Al (spruce, beech) and H (beech) (table V). In the F1 and F2 treatments (0-10 cm), the increase of exchangeable (Ca+Mg) following dolomite application was balanced by the decrease of exchangeable (Al+H) in the beech stands, whereas it was associated with a limited ECEC increase (≅ 1 cmol + kg -1 ) in the spruce stands. Depending on factors such as the organic carbon content of the soil and the amount of applied alkalinity, exchangeable Al and H in the mineral soil may be neutralised without important change of the dissociated charge [19, 23, 30] .
At deeper soil layers, there was no significant TREATMENT effect for Al or H, for any species (table V). The rise in pH following fertilization was limited to the spruce stands in 1997, and mean pH in the F1 and F2 treatments differed from the control by only one tenth of pH unit (tables V and VI).
Despite the decrease of exchangeable Al following base cation fertilization, Al still remained largely dominant on the ECEC of both layers. For instance, exchangeable Al still accounted for 57% (spruce) and 54% (beech) of the ECEC in the 0-10 cm layer of the F2-treated plots ( figure 1a) . The proportion of Al was still higher in the 10-20 cm soil layer, being around 80% and 75% for the spruce and beech stands, respectively (figure 1b).
The overall limited downward migration of base cations and alkalinity through the soil profiles in the short term can be attributed to the kinetics of dissolution of the amendments and to the formation of exchangeable sites in the holorganic horizons, as shown by different studies [23, 29, 30] . At longer time scale, however, the rate of humus mineralization would probably increase in the fertilized plots and this re-acidification would favour the supply of cations to deeper mineral horizons [16] .
From figure 1a it can be seen that the proportional decrease of the acid cations (Al+H) was more important when complete base cation fertilization (F2) was applied instead of dolomite alone (F1), despite comparable Ca and Mg application. This can be explained by the migration of part of Ca and Mg ions with the mobile SO 4 2-anions originating from the potassium sulphate fertilizer [28, 29] . On the other hand, several authors observed considerable changes in the decomposers population after P and/or K fertilization [7, 32] . This phenomenon could also contribute to the increased release of Ca and Mg cations [38] .
A significant STAND effect was detected for most soil variables, for spruce as well as for beech (0-10 cm) (table V). The factors acting locally, such as local climate or stand history, all have a potential influence on the soil chemical properties of the stands. Nevertheless, the limited number of TREATMENT × STAND interactions indicates that in most cases the different stands reacted similarly to fertilization, showing comparable trends (tables V and VI). Thus, even if the ecoclimatic conditions as well as the initial soil chemical properties were heterogeneous between stands, the forcing effects of the treatments were strong enough to account for the similarities of response.
Trees
The response of trees to fertilization was particularly rapid for Ca whatever the species since the TREATMENT effect was already significant during the vegetation period just following fertilization (1995) (table VII). For Mg, the difference between treatments was not significant until 1997 (table VII) . In addition, the increase of foliar Ca after fertilization was proportionally more important than that of Mg (table VIII, 1997 data), despite comparable soil evolution (table VI) .
In some cases, the mean foliar concentrations of Ca and/or Mg exceeded the deficiency threshold following application of the fertilizers. In the beech stands for example, Ca concentrations reached 0.43% (CONTROL), 0.55% (F1) and 0.52% (F2) in 1995, the last two values being higher than the deficiency threshold (0.50%) (tables III and VIII). Nevertheless, inter-annual variability of foliar concentrations was important, as also shown in other studies [18] . It is interesting to see that for both elements mean foliar concentrations were relatively similar between treatments, whatever the species (table VIII) .
Addition of dolomite alone tended to decrease slightly (Dunnett's test not significant) the mean K foliar concentrations in the beech stands, compared to the control. This could be due to an increased Ca-K absorption antagonism at the plant level resulting from the relative increase of exchangeable Ca in the soil. This suggests a risk of induced-K deficiency following liming in case of low initial K concentrations in the soil [2, 4, 10, 33] . The simultaneous application of potassium sulphate with dolomite (F2 treatment) tended to raise the K foliar concentrations for both species, in comparison to the CONTROL (table VIII). The Dunnett's test was however only significant in the spruce stands (table VIII) .
Even if the P concentration at the soil level was not significantly improved by natural phosphate addition (F2 treatment), the foliar concentration increased significantly in 1997 for both species (table VIII). This increase was however very limited, as the maximum difference between the CONTROL and the F2 treatment was 0.02% (spruce 1997, 2-year old needles) (table VIII).
An important decrease of mean Al foliar content was noticed 3 years after base cation fertilization, but it was only significant for spruce (both age classes of needles) (table VIII), probably because of a lower variability of Al concentrations for this species compared to beech (compare the 1997 coefficients of variation).
Foliar concentrations of B and Zn showed a distinct significant pattern. We noticed an important decrease of the B concentration 2 years after fertilization, this decrease tending to be higher in the F2-treated plots compared to the F1-treated plots (table IX). For the beech stands, the decrease was already significant in 1995 and remained significant in 1997 (tables VII and IX). As postulated by Gupta et al. (1985) and Kreutzer (1995) , this phenomenon probably results from the formation of organic complexes, promoting the insolubilisation of B and low availability for plant uptake.
On the opposite, fertilization activated Zn uptake for spruce and beech. In the spruce stands, the TREATMENT effect was already significant in 1995 for both years of needles (table VII) . In addition, mean Zn concentrations were higher for the F2-than for the F1-treatments (table IX) . The great inter-annual variability of Zn foliar concentrations must however be noticed. In the CONTROL treatment of the beech stands for instance, values reported for 1997 were about half those of 1995. These differences could be due to various factors such as climate or sampling variability. Contradictory results are found in the literature concerning the effects of base cation fertilization on Zn foliar concentrations. Several authors report that Zn is less soluble in the soil and thus less available for the plant in case of pH increase [6] . According to Fiedler (1988) , pH should not exceed 5.0-5.5 otherwise Zn availability would decrease considerably. On the other hand, data from studies on acid soils show an increase of Zn foliar concentration following lime application [12, 33] . Synthetising these results, it seems that a moderate pH increase after base cation fertilization on acid soils is likely to produce an increase of Zn plant uptake. Bakker (1999) showed that the uptake of different micronutrients could be improved after fertilization by positive effect on mycorrhizae. With further increase in pH, however, insolubilisation of soil Zn could cause a decrease in Zn availability.
As for the soil, the analyses of variance showed a significant STAND effect for most of the foliar chemical properties. On the other hand, the TREATMENT × STAND interaction was rarely significant (table VII). The effects of the treatments were strong enough to account for the similarities of response between stands, despite possible initial differences in stand and/or site conditions.
CONCLUSIONS
This study demonstrated that base cation fertilization may be an efficient tool to restore the soil and foliar chemical status of stands situated on acid and nutrient poor soils. Application of 3 t ha -1 of dolomite lime quickly corrected nutritional imbalances, which are known to be important contributing factors to forest dieback.
Preliminary soil and foliage analyses are necessary to select the appropriate treatments. For instance, it was shown that dolomite application alone tended to reduce K concentrations in the soils and the leaves of the beech stands. In case of low initial K concentrations, this could lead to induced deficiencies. Addition of even a low quantity of potassium sulphate (maximum 250 kg ha -1 ) to dolomite proved to be a tool to avoid this problem. On the other hand, the addition of natural phosphate (maximum 800 kg ha -1 ) did not result in any systematic increase in soil and foliar P concentrations.
For a given species, variations in site and/or ecoclimatic conditions only had a minor influence on the effects of base cation fertilization. This allows us to generalise the results of this study at the regional scale of the Belgian Ardenne for adult Norway spruce and European beech forests situated on acid brown soils.
Differences between species are to be taken into account when planning fertilizer treatment. Our study showed that migration of Ca-Mg ions through the soil profile after dolomite application was more rapid for the spruce than for the beech stands. On the other hand, dolomite tended to reduce soil and leave K concentration only in the beech stands. Better understanding of the contrasting pattern observed between the two species would need more detailed studies. In addition, it should be important to assess the response of stands to base cation fertilization on larger time scale before concluding unequivocally about these results.
Another important issue of this study concerns the indirect effect of base cation fertilization on micronutrient nutrition. Particularly, it has been shown that the Zn foliar content increased and that the B foliar concentration decreased following application of the treatments. Risks of induced Zn toxicity and induced B deficiency should be investigated. 
